bubbles through heterogeneous nucleation resulting from O2 super-saturation at the 125 dissolved O2 instruments, causing underestimation of autotrophy in oxygen-based 127 primary productivity methods (Atkinson and Grigg 1984; Kraines et al. 1996) . While 128 several studies recognize bubble formation on algal surfaces, the fraction of 129 photosynthetic oxygen lost as bubbles from different benthic primary producers has never 130 been quantified (Odum and Odum 1955; Freeman et al. 2018) . 131
132
Here we test the hypothesis that the relative decrease in electron acceptors relative to 133 electron donors due to O2 loss through ebullition selects for heterotrophic bacterial 134 metabolisms on degraded coral reefs. To answer this question, we developed novel 135 chamber incubation experiments and showed that fleshy macroalgae release larger 136 amounts of photosynthetic O2 by ebullition compared to corals. As O2 comes out of 137 solution, it is no longer available for biological respiration in the water column, 138 increasing the ratio of reducing-to-oxidizing equivalents. We then quantified the 139 microbial physiological responses to these conditions, and observed an in increase in cell 140 volume and organic carbon consumption per cell, and a switch to anabolic metabolism in 141 algae incubations. Finally, we show that the patterns identified in our incubations are 142 observed in situ, with an increase in bacterial biomass and a shift toward anabolic 143 metabolism across 87 reefs in the Pacific and Caribbean. These metabolic transitions are 144 the mechanistic basis of microbialization that intensifies coral reef decline. 145
146
Methods 147
148
O2 release by benthic primary producers: The rates of dissolved and gaseous O2 149 production by benthic primary producers were measured in two tank experiments (POP 150 Experiments 1 and 2). In both experiments, organisms were incubated in custom-made 151 chambers named peripheral oxygen production (POP) bottles (Figure 1 ). POP bottles are 152 bell-shaped Polyethylene Terephthalate (PET) bottles with a removable base and two 153 sampling ports, one for dissolved analyte sampling, and one at the top for gas sampling. 154
Primary producers were placed at the bottom and bubbles released from their surfaces 155 during incubation accumulated at the top. Primary producers were placed on the base of 156 then placed over the base, and the bottle was sealed. At the end of the incubation, the gas 158 accumulated at the top of the bottles was collected in a syringe and the volume of gas was 159 recorded. The gas was transferred to a wide-mouth container and O2 partial pressure was 160 measured using a polarographic probe (Extech 407510) immediately upon collection. 161 Dissolved O2 was determined using a Hatch-Lange HQ40 DO probe. Supplementary Table 1 . Enzyme-specific databases were built using amino 246 acid sequences from the NCBI bacterial RefSeq. BLASTx searches were performed using 247 metagenomic reads against each enzyme database, using a minimum alignment length of 248 40, minimum identity of 60 % and e-value < 10 showed higher dissolved O2 production compared to controls (Wilcoxon p < 0.05 for all 278 FDR-corrected pairwise comparisons against control). Dissolved O2 production was 279 highly variable and not significantly different between fleshy and calcifying organisms 280 (5.99 ± 2.29 and 6.33 ± 2.20 µmol cm -2 day -1 for fleshy and calcifying, respectively, 281 mean ± SE; Wilcoxon p > 0.05). Gaseous O2 production was observed in most primary 282 producer bottles, while no gas was observed in control bottles ( Figure 2B , Kruskal-Wallis 283 c 2 (4) = 30.2, p < 0.05, Wilcoxon p < 0.05 for all pairwise comparisons against control). 284
Fleshy organisms combined produced significantly more gaseous O2 than calcifying 285 (0.42 ± 0.35 and 2.33 ± 1.35 µmol cm -2 day -1 for calcifying and fleshy, respectively, 286 mean ± SE; Wilcoxon p < 0.05). Fleshy macroalgae had the highest fraction of total 287 photosynthetic O2 (sum of dissolved and gaseous O2) released in the form of gas (37.33 ± 288 8.34 %), followed by turf algae (13.78 ± 1.33 %), CCA (10.19 ± 2.88 %), and corals 289 between these enzymes and fleshy algae cover are shown in Figure 5 . turnover times, with no relationship with respiration rates (Casey et al. 2015) . This 477 pattern is consistent with metabolic shifts described here, decreasing microbial biomass 478 turnover rates in the oceans (Vallino et al. 1996) . 
